Abstract: This paper presents a simplified modeling, simulation and Experimental analysis of permanent magnet brushless dc motors (PMBLDC) for sensorless operation. This model provides a mechanism for monitoring and controlling of voltage, current, speed and torque. The sensorless scheme employs direct back emf based zero crossing detection for controlling the dynamic characteristics.
Introduction
In the literature there are several simulation models available for BLDC motor drives. These models employ state-space equations, Fourier series or d-q axis model. Even though these models have made a great contribution in the BLDC motor drives, there is no comprehensive model for the analysis of motor used in sensorless operation [1] . The machine models are often transformed to a rotating reference frame to simplify and to improve the computational efficiency. But, this approach will not improve the computational efficiency because the d-q transformations are suitable only for machines with sinusoidal voltage as discussed [2] . The PMBLDC motors are normally powered by conventional three phase voltage source inverters (VSI) or current source inverters (CSI) which are controlled based on the rotor position information obtained from hall sensors, resolvers or absolute position sensors. But these position sensors have numerous drawbacks like increase in cost, complexity in control, temperature sensitivity requiring special arrangements. These sensors reduce the system reliability and acceptability. Therefore, sensorless techniques have become a subject of great interest in recent times. A number of sensorless techniques have been developed for PMBLDC motor. Some of the techniques presented [3] in the literature are based on position sensing using back emf zero detection crossing, terminal voltage sensing, sensing third harmonics of the motional emf, integration of the back emf, position sensing using inductance variation, position sensing based on flux linkage variation, Extended Kalman filter estimation or detecting the freewheeling diode conduction in open phase [4, 5] .
In PMBLDC motors, only two out of three phases are excited at any time leaving the third winding floating. The back emf in the floating winding can be measured to determine the switching sequence for commutation of power switching devices in the 3 phase inverter. The terminal voltage of the floating winding with respect to the neutral point of motor is needed to get the zero crossing time of the back emf. The sensorless control technique based on Zero Cross Point (ZCP) of the back emf has been widely used for low cost an application is proposed by J. Shao [6] . In the ZCP method the back emf cannot be obtained when the BLDC motor is at standstill or operating nearly zero speed as discussed by Yen-Shin Lai and Yongkai Lin [7] . Therefore, a special starting control is needed for smooth starting and reliable transfer to sensorless control [8] .
In this paper a Matlab/Simulink model of PMBLDC motor suitable for Sensorless operation is developed. Using this model, the dynamic behavior of the motor is studied. Also simulation has been carried out to study the effectiveness of the sensorless control using direct back emf detection. The rest of the paper is organized as follows: Section 2 presents the Modeling of PMBLDC motor with sensorless control using Matlab/Simulink. Section 3 and 4 presents the simulation and experimental results of the proposed method and in Section 5, the conclusion are discussed.
Modeling of PMBLDC motor for sensorless operation
A three phase star connected BLDC motor driven by a three phase inverter using six step commutations is considered for the study. Figure1 shows the simplified BLDC motor drive scheme and Figure 2 gives Ideal current and back-emf waveforms with hall signals. The conducting interval of each phase is 120 electrical degrees. The commutation instant is determined in every sixty electrical degrees by detecting the back emf's zero crossing point of the floating phase. Only two phases conduct current at any time, leaving the third phase open which is available for measuring the back emf.
The analysis is based on the following assumptions 1) Stator resistance of all the windings are equal, self and mutual inductance are constant.
2) The motor is not saturated. 3) Iron losses are negligible. 4) Semiconductor switches are ideal.
PMBLDC motor modeling
The voltage equations of BLDC motor shown in Figure ( 1) are derived as
where R -stator resistance per phase, L -stator inductance per phase, The current relationship is given by
Equation (4) is rewritten as
Substituting Equation (5) in Equation (1) and Equation (2), Using Equation (5) the line voltage equations are rearranged as
The back emf depends on flux of the permanent magnet rotor and the speed of the rotor, which is given as The generated electromagnetic torque is given by Equation (9) ( )
The dynamics of the motor and load are expressed as
where m e p θ θ 2 / = electrical angle, degrees; m w = rotor speed, rad/sec; e k = back-emf constant, volts/rad/sec; J = moment of inertia, kg/m 2 ; f k = friction constant, Nm/rad/sec; L T = load torque, Nm; t k = torque constant, Nm.
Inverter modeling
Inverter and the switching sequence are modeled using S-function. Table 1 
Simulation results
The Specifications of the BLDC motor used for the simulation are given in Table 2 . Equation (1) to (14) has been used to develop a simulation model using S-function in Matlab. Figure 3 shows the complete simulation model of the PMBLDC motor drive consisting of three blocks namely: switching sequence block, inverter block and BLDC motor block. The BLDC motor block consisting of seven sub-blocks as labeled in the Figure 4 represents the Equations 1 to 8. Sub-block 1 as shown in Figure 6 represents the BLDC motor's voltage and current equations [Equations 5 and 6] which take the dc voltage v ab and v bc as inputs and gives the phase current, s i as output. The Sub-block 2 implements Equation 9 using the current output of sub-block 1 as the input along with the flux linkage and produces the electromagnetic torque ) ( e T as the output. The Sub-block 3 represents Equations 10 to 14 and are modeled as the mechanical block which takes the electromagnetic torque ) ( e T from the sub-block 2 along with the load torque ) ( L T as input and gives speed and position as outputs. The Sub-block 4 takes speed and position as input and gives back emf and flux linkages as output as given in Figure 7 . This back emf along with the phase current ) ( s i are given as inputs to the zero cross detection block (Sub-block 6) as given in Figure 10 . Sub-block 5 shown in Figure 9 is the hall sensor block and this is for the open loop control of the BLDC motor during the starting. Subblock 7 represents the sub system of the zero cross detection circuit which gives the sensorless position information. The inverter and switching logic are implemented as an S-function that takes DC source voltage and the firing sequence as the inputs as shown in Figures 5 and 8 . The firing signal includes a PWM option for any 60 degree interval. The output voltage of the inverter depends on DC source voltage, rotor position, phase current and also the value of the back emf. When a switch in a phase is turned off, the outgoing phase current freewheels through the diode where as the incoming phase current increases from Zero to full load value. Position of the rotor decides the incoming and outgoing phases. In this model a hysteresis current control technique is implemented for fast dynamic response during transient states.
This hysteresis current control logic is realized in co-operation with the measured phase current, reference current and rotor position. Based on the hysteresis output the switching functions are determined to model the operation of PWM inverter. Figure 11 show the simulated back emf waveform and phase current waveforms along with a zoomed view. The simulation model of PM BLDC motor is run for a period of 1 second: the duration between 0 to 0.2 second is the alignment and starting period and the remaining duration is the running period as shown in Figure 11 . Figures 12 and 13 shows the generated three phase symmetrical back emf and phase current waveforms. The response of the phase currents when load torque is applied at 0.4 sec is shown in Figure15 along with an enlarged view. 
Experimental results
The experimental setup used for the validation of the proposed modeling of BLDC motor for sensorless operation is given in Figure 18 . It consists of C0851F310 microcontroller, a 3 phases MOSFET, voltage divider circuit, current amplifier, speed and current controller and three dual gate drivers. Three simple resistive divider circuits are connected to the three output phases with the bottom resistor consists of a capacitor in it acting as a RC filter circuit. Motors supply voltage is sensed by connecting a resistive divider circuit across the terminal. Figure 19 shows the switching functions of phase-A with line-line voltage v ab waveforms according to conducting modes. Figure 20 shows the switching functions of three phases. Figure 21 shows the enlarged view of line-line voltages of three phases. Figure 22 shows the measured expanded current of phase-A. 
Conclusion
This paper presents a simplified modeling, simulation and experimental analysis of Permanent Magnet brushless dc motors suitable for Sensorless operation using Matlab. The technique of zero crossing of back emf has been used to estimate the rotor position replacing the hall sensors. The voltage and current waveform of the machine were monitored and compared with those obtained using the hall sensors. The results of the sensorless operation matched very closely with those results obtained with hall sensors. This clearly demonstrates that the proposed model for based sensorless control can replace the hall sensor in the PMBLDC drive. This model can be easily extended for the other sensorless control techniques with a small change in the model.
